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(g) Projection exposure apparatus and microdevice manufacturing method. 

(57) A projection exposure apparatus includes a 
projection optical system for projecting a pat- 
tern of a first object onto a second object, and a 
correcting device for substantially correcting 
rotational asymmetry in optical characteristic of 
the projection optical system to be produced in 2 7 
the projection optical system with an exposure 
process. 
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FIELD OF THE INVENTION AND RELATED ART 

This invention relates to a projection exposure 
apparatus and a microdevice manufacturing method 
suitably usable, for example, in a lithographic process 
of the processes for manufacturing devices such as 
a semiconductor device (e.g. ICs or LSIs), image pick- 
up devices (e.g. CCDs), display devices (e.g. liquid 
crystal panels) or magnetic heads, for example. 

With increasing density of a semiconductor de- 
vice such as IC or LSI, fine processing technique for 
a semiconductor wafer has advanced considerably. In 
this fine processing technique, there are many types 
of reduction projection exposure apparatuses (step- 
pers) proposed, in which an image of a circuit pattern 
of a mask (reticle) is formed on a photosensitive sub- 
strate through a projection exposure apparatus while 
the substrate is exposed in the step-and-repeat meth- 
od. 

In this stepper, the pattern transfer process is 
performed by projecting a circuit pattern of a reticle 
upon a certain position on a wafer surface through a 
projection optical system having a predetermined re- 
duction magnification. After one pattern projection 
and transfer operation is completed, a stage on which 
the wafer is placed is moved by a predetermined 
amount and then the pattern transfer operation is re- 
peated to print the pattern on another position on the 
wafer. This operation is repeated, and exposures of 
the whole wafer surface are performed. 

Usually, when transfer of a fine circuit pattern is 
performed by use of a stepper having a projection 
optical system, a lens or lenses constituting the pro- 
jection optical system absorb a portion of ultraviolet 
light used for the exposure process. Thus, the lens or 
lenses may thermally expand to cause a change in 
the surface shape thereof, or the temperature distrib- 
ution within the lens may become non-uniform to 
cause non-uniform refractive index distribution within 
the lens. This leads to a change in imaging character- 
istic of the projection optical system. 

Particularly, heat absorption of a lens may cause 
serious problems such as: 

(a) a change in the focal point position of the pro- 
jection optical system; and 

(b) a change in the imaging magnification of the 
projection optical system. 

As regards the point (a), it may be met by displac- 
ing the stage along the optical axis direction with the 
change in the focal point position. As regards the point 
(b), it may be met by moving one or more of the optical 
elements of the projection optical system to compen- 
sate the change in the imaging magnification. 

Japanese Laid-Open Patent Application, Laid- 
Open No. 347239/1993, filed in Japan in the name of 
the assignee of the subject application, proposes a 
method in which a peripheral portion of a lens is heat- 
ed to prevent a temperature decrease in that periph- 



eral portion as compared with the temperature at a 
central portion of the lens through which light goes, 
to thereby maintain uniform temperature distribution 
within the lens to minimize a change in optical char- 

5 acteristic of the projection optical system. 

On the other hand, in order to meet enlargement 
of chip area of LSI, many proposals have been made 
in regard to a projection exposure apparatus of the 
type called a "step-and-scan type exposure appara- 

10 tus" by which the exposure region (picture field size) 
can be enlarged as compared with that of usual step- 
pers. 

In such step-and-scan type projection exposure 
apparatus, a slit-like exposure region is defined, and 

15 exposure of one shot (shot area) is performed by 
scanningly moving a reticle and a wafer relative to a 
projection optical system. After the scanning expos- 
ure of one shot is completed, a stage on which the wa- 
fer is placed is moved by a predetermined amount and 

20 then the scanning exposure of the subsequent shot of 
the wafer is performed. This operation is repeated, 
and exposures of the whole wafer surface are per- 
formed. 

Figure 36 is a schematic perspective view of a 

25 main portion of a known step-and-repeat type projec- 
tion exposure apparatus. Denoted in the drawing at 
101 is a reticle on which a circuit pattern is formed. 
Denoted at 102 is a projection lens, and denoted at 
103 is a movable stage on which a wafer W is placed. 

30 Denoted at 106 is an aperture member having a slit 
opening 105 and being disposed close to the reticle 
101. Denoted at 104 is illumination light 

For projection and transfer of the circuit pattern 
of the reticle 101 illuminated with the illumination light 

35 104, onto the waferW placed on the stage 103byuse 
of the projection lens 102, the aperture member 106 
having the slit opening 105 serves to define slit-like 
illumination light with which the reticle 101 is illumin- 
ated. Thus, only that portion of the circuit pattern of 

40 the reticle 101 on which the slit-like illumination light 
impinges, is projected and transferred onto the wafer 
W surface. 

Then, as illustrated in Figure 36, the reticle 101 
is scanningly moved in the direction depicted by an ar- 

45 row 107 at a predetermined speed and, simultane- 
ously therewith, the stage 1 03 is scanningly moved in 
the direction depicted by an arrow 108 at a speed cor- 
responding to the product of the scanning speed of 
the reticle 101 and the imaging magnification of the 

so projection lens 1 02. By this, the whole circuit pattern 
of the reticle 101 is projected and transferred to the 
wafer W. 

In the exposure apparatus shown in Figure 36, 
when the coordinates are set as depicted at 109, the 
55 optical axis 110 of the projection lens 102 extends 
along the Z-axis direction, the lengthwise direction of 
the slit opening 1 05 lies in the Y-axis direction, and the 
scanning direction of the reticle 1 01 and the stage 103 
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lies in the X-axis direction. After the whole circuit pat- 
tern of the reticle 101 is transferred onto one shot of 
the wafer, the stage 1 03 is moved by a predetermined 
amount (i.e., it is moved stepwise), and the pattern 
transfer operation is repeated so as to print the circuit 5 
pattern of the reticle 101 on another shot of the wafer 
W in the manner described above. 

Here, referring to Figures 37A and 37B, the rea- 
son why the exposure region can be expanded by the 
step-and-scan method as compared with that by the 10 
stepper (without scan) method, wiii be explained. 

The exposure region is limited within a range in 
which aberrations of the projection lens are corrected 
satisfactorily. It is now assumed that the circle 121 
(radius: r) of Figure 37A depicts such range in which 15 
the aberrations of the projection lens are corrected 
satisfactorily and that the circuit pattern is formed to 
be accommodated in a square. Then, the exposure 
region has a largest square inscribed in the circle 121 , 
namely, a square having a length 2^2 x r at each side 20 
such as depicted by a line segment 122 in Figure 37A. 
The area 2r 2 of this square corresponds to the expos- 
ure region in an ordinary stepper. Here, the X and Y 
axes of the coordinates 123 are laid so that they cor- 
respond to the directions of two orthogonal sides of 25 
the square 122, as illustrated. 

On the other hand, as illustrated in Figure 37B, if 
the shape of the square inscribed in the circle 121 of 
aberration corrected range is deformed into a rectan- 
gular shape, the length of the major side (along the Y 30 
axis) of the rectangle 124 comes close to 2r. Here, if 
the circuit pattern is scanned with this rectangle 124 
along the X-axis direction so as to transfer the whole 
circuit pattern, in that occasion the exposure region 
is determined by an area 2rs (s is the length being 35 
able to be scanned) which is larger than the area 2r 2 . 
Thus, in the step-and-scan method, the exposure re- 
gion can be magnified in this manner. 

Since in the step-and-scan method the projection 
exposure process is performed by using slit-like iilu- 40 
mination light as described above, the light passing 
through the projection lens 102 is not rotationally 
symmetrical with respect to the optical axis 110. In a 
typical example, there is produced a temperature dis- 
tribution being elongated in the Y-axis direction, such 45 
as depicted in Figure 38. Figure 38 illustrates one of 
the optical elements constituting the projection lens 
1 02, within the X-Y plane. The hatched portion sche- 
matically depicts the range in which the light actually 
passes. 50 

As described hereinbefore, if the projection lens 
absorbs a portion of exposure light, thermal change 
thereof may cause an undesirable change in optical 
characteristic. Particularly, when there is heat ab- 
sorption (temperature distribution) being rotationally 55 
asymmetric with respect to the optical axis of the pro- 
jection lens, the wavef ront aberration of the lens be- 
comes rotationally asymmetric, and the optical char- 



acteristic such as the focal point position and/or the 
imaging magnification becomes rotationally asym- 
metric. Thus, there may occur a rotationally asym- 
metric aberration such as astigmatism, for example, 
and the resolution of the projection lens would be de- 
graded. 

SUMMARY OF THE INVENTION 

It is accordingly an object of the present invention 
to provide a projection exposure apparatus by which 
degradation of resolution is avoided or reduced. 

It ia another object of the present invention to pro- 
vide a device manufacturing method by which degra- 
dation of resolution is avoided or reduced. 

In accordance with an aspect of the present in- 
vention, there is provided a projection exposure ap- 
paratus, comprising: a projection optical system for 
projecting a pattern of a first object onto a second ob- 
ject; and correcting means for substantially correcting 
rotational asymmetry in optical characteristic of said 
projection optical system to be produced in said pro- 
jection optical system with an exposure process. 

The correcting means may be effective to re- 
move or reduce the rotational asymmetry of optical 
characteristic of the projection optical system, to 
avoid or reduce degradation of resolution. 

In accordance with another aspect of the present 
invention, there is provided a device manufacturing 
method which comprises a step of printing a device 
pattern on a substrate by use of the projection expos- 
ure apparatus such as described above. 

These and other objects, features and advantag- 
es of the present invention will become more appa- 
rent upon a consideration of the following description 
of the preferred embodiments of the present inven- 
tion taken in conjunction with the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic view of a main portion of 
a projection exposure apparatus according to a first 
embodiment of the present invention. 

Figure 2 is a schematic view for explaining tem- 
perature controlling means of the embodiment of Fig- 
ure 1. 

Figure 3 illustrates an example of temperature 
distribution in a lens of the embodiment of Figure 1 . 

Figure 4 is a schematic view for explaining the 
sectional shape of a lens of the embodiment of Figure 
1. 

Figure 5 is a schematic view for explaining the 
: sectional shape of a lens of the embodiment of Figure 
1. 

Figure 6 illustrates an example of temperature 
distribution in a lens of the embodiment of Figure 1. 
Figure 7 is a schematic view for explaining the 
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sectional shape of a lens of the embodiment of Figure 
1. 

Figure 8 is a schematic view for explaining the 
sectional shape of a lens of the embodiment of Figure 

1. 5 

Figure 9 is a schematic view for explaining tem- 
perature controlling means of the embodiment of Fig- 
ure 1. 

Figures 10A - 10C illustrate examples of wave- 
front aberrations of the embodiment of Figure 1. 10 

Figure 11 is a schematic view for explaining a 
modified form of this embodiment of the present in- 
vention. 

Figure 12 is a schematic view of a main portion 
of a projection exposure apparatus according to a 15 
second embodiment of the present invention. 

Figure 13 is a schematic view of a portion of the 
embodiment of Figure 12. 

Figure 14 is a schematic view of a modified form 
of a portion of the embodiment of Figure 12. 20 

Figure 15 is a schematic view for explaining a fin- 
ite element method model. 

Figure 16 illustrates an example of temperature 
distribution in a lens of the embodiment of Figure 12. 

Figure 17 is a schematic view of a sectional 25 
shape of a lens of the embodiment of Figure 12. 

Figure 18 is a schematic view of a sectional 
shape of a lens of the embodiment of Figure 12. 

Figure 19 illustrates an example of temperature 
distribution in a lens of the embodiment of Figure 12. 30 

Figure 20 is a schematic view of a sectional 
shape of a lens of the embodiment of Figure 12. 

Figure 21 is a schematic view of a sectional 
shape of a lens of the embodiment of Figure 12. 

Figure 22 is a schematic view of a main portion 35 
of a projection exposure apparatus according to a 
third embodiment of the present invention. 

Figure 23 is a schematic view of a portion of the 
embodiment of Figure 22. 

Figure 24 is a schematic view for explaining a 40 
light transmitting portion of a lens. 

Figure 25 illustrates temperature distribution in a 
lens, not corrected. 

Figure 26 illustrates temperature distribution in a 
lens, having been corrected. 45 

Figure 27 is a schematic view of a projection ex- 
posure apparatus according to a fourth embodiment 
of the present invention. 

Figure 28 is a schematic view of an aperture 
member in an illumination system. so 

Figure 29 is a schematic view of an aperture 
member in an illumination system. 

Figure 30 is a schematic view for explaining light 
transmitting portions of a lens. 

Figure 31 illustrates temperature distribution in a 55 
lens, not corrected. 

Figure 32 is a schematic view for explaining light 
transmitting portions of a lens. 



Figure 33 illustrates temperature distribution in a 
lens, not corrected. 

Figure 34 is a flow chart of device manufacturing 
processes according to an embodiment of the present 
invention. 

Figure 35 is a flow chart for explaining details of 
a portion of the flow chart of Figure 34. 

Figure 36 is a schematic view of a known type 
step-and-scan exposure apparatus. 

Figures 37A and 37B are schematic views for ex- 
plaining exposure regions to be defined by a stepper 
and by a step-and-scan exposure apparatus. 

Figure 38 is a schematic view for explaining light 
transmitting region of a lens of a projection optical 
system of a step-and-scan type exposure apparatus. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Figure 1 is a schematic view of a main portion of 
a first embodiment of the present invention, wherein 
the invention is applied to a step-and-scan type pro- 
jection exposure apparatus. 

For convenience in explanation in regard to the 
present embodiment and some embodiments to be 
described subsequently, it is assumed that the coor- 
dinates are such as depicted at 1 in the drawing 
wherein X and Z axes lie in the sheet of the drawing 
while Y axis extends in a direction perpendicular to 
the sheet of the drawing. 

The structure of this embodiment mainly com- 
prises two portions, that is, a major assembly portion 
of the step-and-scan projection exposure apparatus 
and a measurement portion for measuring wavef ront 
aberration to be produced in the projection optical 
system of the projection exposure apparatus. 

The components of the major assembly portion 
of the projection exposure apparatus will be ex- 
plained first 

Denoted at 2 is an exposure light source for pro- 
ducing ultraviolet light, and denoted at 3 is a shutter 
for on/off control of the light from the light source 2. 
Denoted at 4 is a polarizing plate for transforming a 
received light Into linearly polarized light (e.g., having 
a plane of polarization lying in the sheet of the draw- 
ing). Denoted at 5 is a half mirror, and denoted at 6 is 
an illumination lens. Denoted at 7 is an aperture 
member having a slit-like opening elongated in the Y 
direction. Denoted at 8 is a reticle (first object) on 
which a circuit pattern is formed. Denoted at 9 is a re- 
duction projection lens (projection optical system), 
and denoted at 1 0 is a stage on which a wafer W (sec- 
ond object) is placed. 

The light from the light source 2 goes through the 
shutter 3 and the polarizing plate 4 in this order, and 
the linearly polarized light thus produced is reflected 
by the half mirror 5. It is then collected by the illumin- 
ation lens 6, and it goes through the aperture member 
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7 and illuminates the circuit pattern on the reticle 8. 
The reticle 8 and the stage 10 are disposed both in 
parallel to the X-Y plane. By scannlngly moving the re- 
ticle 8 in a direction as depicted by an arrow 11 and 
by simultaneously scanhingly moving the stage 1 0 in 5 
a direction as depicted by an arrow 12, at a speed ra- 
tio corresponding to the product of the scanning 
speed of the reticle 8 and the projection magnification 
of the projection optical system, the whole circuit pat- 
tern of the reticle 8 is projected and transferred onto 10 
the wafer W placed on the stage 10. Then, the wafer 
W is processed (e.g. developing process known in the 
art), and semiconductor devices are manufactured. 

In Figure 1, the aperture member 7 having a slit- 
like opening is disposed just before the reticle 8. How- is 
ever, what is necessary is that slit-like illumination 
light elongated in the Y direction impinges on the re- 
ticle, and the aperture member 7 may be disposed at 
the position along the illumination light path which is 
optically conjugate with the reticle 8. 20 

The projection lens 9 of this embodiment is equip- 
ped with temperature controlling devices 13 and 14 
which are disposed at peripheral portions of the lens. 
These temperature controlling devices 13 and 14 co- 
operate with control means 15 (to be described later) 25 
to adjust the inside temperature distribution in a lens 
or lenses of the projection lens 9. The stage 1 0 is pro- 
vided with a focus adjusting device 16 which is oper- 
able in response to a signal from the control means 
1 5 to adjust the level or height of the wafer surface rel- 30 
ative to a change In focus position (i.e. focus error) of 
the projection lens 9. 

The structure of the wavef ront aberration meas- 
uring portion of the apparatus will now be explained. 

Denoted at 20 is a light source which produces 35 
coherent light such as laser, and denoted at 21 is a 
collimator lens for transforming the light from the light 
source 20 into parallel light. Denoted at 22 is a shutter 
for on/off control of the light from the light source 20. 
Denoted at 23 is a half mirror, and denoted at 24 is a 40 
flat mirror, by which reference light is provided. Denot- 
ed at 25 is a polarizing plate for transforming a re- 
ceived light into linearly polarized light (having a plane 
of polarization perpendicular to the sheet of the draw- 
ing). Denoted at 26 is an imaging lens which serves 45 
to produce interference fringe upon a CCD camera 
27. Denoted at 28 is computing means which serves 
to calculate the wavef ront aberration of the projection 
lens 9 by use of a signal from the CCD camera 27, in 
a manner to be described later. 50 

In this embodiment, the light emitted by the light 
source 20 is transformed by the collimator lens 21 into 
parallel light which in turn goes through the shutter 22 
and is projected on the half mirror 23 in the direction 
as depicted by an arrow 30. About a half of this light 55 
is reflected by the half mirror 23 and deflected in the 
direction as depicted by an arrow 31. It is then reflect- 
ed by the flat mirror 24 in the direction as depicted by 



an arrow 32 and is projected again on the half mirror 
23. Of the thus projected light, the light passing 
through the half mirror 23 as depicted by an arrow 33 
is collected by the imaging lens 26 and is projected on 
the CCD camera 27. Namely, the light having been di- 
rected along the described path provides reference 
light for measurement of wavef ront aberration of the 
projection lens 9, based on the interference method. 

On the other hand, the remaining half of the light 
from the shutter 22 impinging on the half mirror 23 
goes through this half mirror 23 and is directed along 
a direction as depicted by an arrow 34. It is then trans- 
formed by the polarizing plate 25 into linearly pola- 
rized light which in turn goes through the half mirror 
5, the illumination lens 6 and the aperture member 7 
to the projection lens 9. The light passes the projec- 
tion lens 9 and then it is reflected by the surface Wa 
of the wafer W placed on the stage 10. The reflected 
light goes again through the projection lens 9 and, 
thereafter, it goes back along it oncoming path as de- 
picted by an arrow 35. The light is then reflected by 
the half mirror 23 and thus is deflected as depicted by 
an arrow 36. It is then collected by the imaging lens 
26 and is projected on the CCD camera 27. The light 
having been directed along the described path con- 
tains the information related to the wavef ront aberra- 
tion of the projection lens 9. This light interferes with 
the reference light, being directed as depicted by the 
arrow 33, upon the CCD camera 27 surface. By ob- 
serving the produced interference fringe with the 
CCD camera 27, the quantity of wavef ront aberration 
produced in the projection lens 9 is detected. 

Namely, in this embodiment, the projection lens 
9 is incorporated into the apparatus as a portion of a 
Twyman-Green type interferometer, for measure- 
ment of the wavefront aberration of the projection 
lens 9. The interference fringe is transformed by the 
CCD camera 27 into image wise data, and the asym- 
metry of the wavefront aberration as well as the mag- 
nitude thereof, for example, are calculated by the 
computing means 28. The data concerning the wave- 
front aberration thus calculated is supplied to the con- 
trol means 15. In response, the control means 15 op- 
erates to control the correcting means (i.e., the tem- 
perature adjusting devices 13 and 14 and/or the focus 
adjusting means 16) so as to reduce the wavefront 
aberration. 

Now, the function of the polarizing plate 4 and the 
polarizing plate 25 used in this embodiment, will be 
explained. 

The light emitted by the exposure light source 2 
illuminated the reticle 8 as described hereinbefore 
and, after passing through the projection lens 9, it im- 
pinges on the wafer W placed on the stage 10. Resist 
material applied onto the surface Wa of the wafer W 
is sensitized by this light, and a portion of the light is 
reflected by the wafer surface Wa and then passes 
through the projection lens 9 invertedly. A portion of 
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this light then goes through the half mirror 5, and it 
provides noise light which may impinge on the wave- 
front aberration measuring CCD camera 27. Such un- 
wanted light causes degradation of measurement 
precision for the wavef ront aberration measurement s 

In consideration thereof, in this embodiment, the 
light to be used for the exposure process is trans- 
formed by the polarizing plate 4 into linearly polarized 
light having a plane of polarization lying in the sheet 
of the drawing, for example. Additionally, the polariz- 10 
ing plate 25 is provided which serves to transmit 
therethrough only the light as having its plane of po- 
larization lying perpendicularly to the sheet of the 
drawing, relative to the laser light for the wavef ront 
aberration measurement With this arrangement, is 
those components of the light emitted by the light 
source 2 and reflected by the wafer surface Wa, 
which components are directed to the wavefront 
aberration measuring CCD camera 27 are blocked by 
the polarizing plate 25. 20 

Next, the temperature adjusting devices 13 and 
14 used in this embodiment will be explained in detail. 

The temperature adjusting devices 13 and 14 are 
provided so as to prevent asymmetrical temperature 
distribution within a lens element or elements of the 25 
projection lens 9, with respect to the optical axis 
thereof, which otherwise might be caused by absorp- 
tion of exposure light by that lens element or ele- 
ments. As a first method therefor, external heat may 
be applied to such peripheral portion of the lens ele- so 
ment as having a lower temperature, by which the 
temperature distribution within the whole lens is 
made rotationally symmetric with respect to the opti- 
cal axis. As a second method therefor, such peripher- 
al portion of the lens element as having a higher tern- 35 
perature may be cooled from the outside, by which 
the whole temperature distribution is made rotation- 
ally symmetric with respect to the optical axis. 

These two methods will be explained below, in 
greater detail. Here, the temperature adjusting device 40 
in the first method will be referred to as "heating 
means", while the temperature adjusting device in the 
second method will be referred to as "cooling means". 

The following description of the present embodi- 
ment will be made mainly with regard to the case 45 
where the heating means is used as the temperature 
adjusting means. 

Figure 2 illustrates one the optical elements con- 
stituting the projection lens 9 of Figure 1 , in a section 
along the X-Y plane. The coordinates are such as de- 50 
picted at 1. Denoted at 41 is a tens. Hatched area de- 
picts the range in which light passes the lens. 

In this embodiment, as described hereinbefore, 
the illumination of the pattern is performed by use of 
slit-like light being elongated in the Y-axis direction. 55 
Thus, the light passing through the projection lens 9 
has symmetry with respect to the X-2 plane (broken 
line 43 in Figure 2) which contains the optical axis of 



the projection lens 9 and to the Y-Z plane (broken line 
44 in Figure 2) which contains the optical axis. How- 
ever, it does not have rotational symmetry with re- 
spect to the optical axis. Namely, as a typical exam- 
ple, it has a distribution such as depicted by the hatch- 
ed area 42 in Figure 2. In that case, due to heat ab- 
sorption, there may be produced asymmetric temper- 
ature distribution, being asymmetric with regard to 
the X-axis and Y-axis directions. This results in large 
astigmatism. 

In order to avoid such asymmetric temperature 
distribution, in this embodiment, heating means (tem- 
perature adjusting means) is provided to heat such 
portion in which temperature rise is lower, so as to as- 
sure that the lens inside temperature distribution is 
corrected and it becomes rotationally symmetric with 
respect to the optical axis. Particularly, in this em- 
bodiment, heating devices may be provided at posi- 
tions in the peripheral portion of the lens, which pos- 
itions are symmetric with respect to the broken lines 
43 and 44. Where two heating devices 13 and 14 are 
to be provided in the lens peripheral portion, they may 
be disposed at the positions where the temperature 
rise is small and which have symmetry as described 
above, that is, the positions such as shown in Figure 
2. 

Here, the temperature distribution defined as a 
result of heat absorption by the lens 41 and the shape 
of the lens as well as the temperature distribution be- 
ing corrected by the heating devices 13 and 14 and 
the shape of the lens, will be explained. 

As the light passes through the region as depict- 
ed by the hatched area 42 in Figure 2, a portion of the 
light is absorbed so that a temperature distribution 
such as shown in Figure 3 is produced. 

Figure 3 illustrates the temperature contour lines 
schematically, and the temperature is higher as clos- 
er to the center. 

Figures 4 and 5 each illustrates the sectional 
shape of the lens being thermally deformed due to the 
above temperature distribution. Figure 4 illustrates 
the section of the lens 41 including the central axis 50, 
the section lying in the X-Z plane of the coordinates 
1 . Denoted at 52 in Figure 4 is the lens shape before 
deformation. Hatched areas 53 and 54 depict the por- 
tions being expanded due to heat Figure 5 illustrates 
the same lens as of Figure 4, in the section along the 
Y-Z plane of the coordinates 1 . Hatched areas 56 and 
57 depict the portions being expanded due to heat. 
Comparing them with those depicted in Figure 4, the 
expanding portions 56 and 57 are wider, being elon- 
gated laterally. 

The temperature distribution and the lens shape 
after adjustment through the heating devices 13 and 
14, will now be explained. In this embodiment, to the 
lens 41 as having a temperature distribution such as 
shown in Figure 3, the amount of heating by the heat- 
ing devices 13 and 14, provided in the peripheral por- 
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tion of the lens 41 having a lower temperature, is con- 
trolled optimizedly so as to make the temperature dis- 
tribution in the lens 41 symmetric with respect to the 
center, such as illustrated in Figure 6. 

Figures 7 and 8 each illustrates the sectional 5 
shape of the lens 41 being temperature corrected. 
Figure 7 illustrates the sectional shape of the lens 41 
along the X-Z plane, like Figure 4. Hatched areas 60 
and 61 depict the portions being expanded due to 
heat. On the other hand, Figure 8 illustrates the sec- w 
tional shape of the lens 41 along the Y-Z plane, like 
Figure 5. Hatched areas 62 and 63 depict the portions 
being expanded due to heat In this case, no asymme- 
try appears in the X direction and the Y direction in 
respect to each of the temperature distribution and 15 
the lens shape deformation. Thus, the wavefront 
aberration becomes rotationally symmetric, such that 
no astigmatism is produced. Also, there occurs no de- 
viation in the imaging position or in the magnification 
between the X and Y directions. 20 

Each heating device may comprise a specific 
structure that a heat generating element such as a 
nickel-chrome wire contacts the lens element with the 
intervention of a material having a su itable heat resis- 
tance, wherein the heating may be controlled by 25 
changing the electric voltage or current to be supplied 
to the heat generating element 

Any rotational asymmetry of the imaging position 
or of the magnification with respect to the optical axis 
can be corrected by means of the heating devices. 30 
However, there still remains a deviation in such opti- 
cal characteristic from a predetermined position or 
value. Thus, as for such deviation of the imaging pos- 
ition, the wafer stage may be moved in the direction 
of the optical axis to correct the same. Also, as for the 35 
deviation of the magnification, one optical element or 
elements of the projection lens may be displaced 
along the optical axis direction or, alternatively, the 
reticle may be displaced along the optical axis direc- 
tion , to correct the error. 40 

Next, a case where in this embodiment cooling 
means is used as the temperature adjusting devices 
13 and 14, will be explained with reference to Figure 
9. 

Figure 9 is similar to Figure 2, and it illustrates the 45 
manner that the exposure light passes through the 
hatched area 42 of the lens 41. Here, there occurs a 
temperature rise in a range being elongated in the Y 
direction, like the preceding case. Two cooling devic- 
es 13 # and 14* are provided as the temperature ad- so 
justing means, which are disposed in a peripheral por- 
tion of the lens 41 , particularly at the positions shown 
in Figure 9. Through the temperature control to these 
portions, the temperature distribution in the lens 41 
is made symmetric with respect to the center, as has 55 
been described with reference to Figure 6. 

Each cooling device may have a specific struc- 
ture that a cooled gas is blown against the position at 



the lens periphery where the cooling device 13* or 
14' is mounted, the temperature of the gas and the 
amount of gas blow being controlled by the control 
means 15. 

Next, the manner of controlling the temperature 
adjusting devices 13 and 14 (13* and 14') and the fo- 
cus adjusting device 16 of this embodiment will be ex- 
plained. 

Figures 10A, 10B and 10C show examples of in- 
terference fringe, each corresponding to the wave- 
front aberration produced in the projection lens 9 and 
each being observed through the CCD camera 27. 
Figure 10Ashows a state in which astigmatism is pro- 
duced in the projection lens 9 as a result of the expos- 
ure process using slit-like illumination light Figure 
1 0B illustrates a state in which, through the operation 
of the temperature adjusting devices 13 and 14 
(13' and 14'), rotationally asymmetric wavefront 
aberration has been corrected to provide rotational 
symmetry with respect to the optical axis. In the state 
shown in Figure 10B, small spherical aberration is 
produced and, additionally, the best focus position of 
the projection lens 9 is shifted. Thus, by using the fo- 
cus adjusting device 16, the vertical position of the 
stage 10 is adjusted minutely. By this focus adjust- 
ment, the interference fringe outputted from the CCD 
camera 27 is made into such as shown in Figure 10C: 
namely, there is substantially no aberration and sub- 
stantially no interference fringe appears. 

The interference fringe data obtained through the 
CCD camera 27 is supplied to the computing means 
28, and the computing means produces and supplies 
data representing the rotational asymmetry of the in- 
terference fringe and the magnitude thereof, for ex- 
ample, to the control means 15. In response, the con- 
trol means 15 controls the temperature adjusting de- 
vices 13 and 14 (13* and 14') and/or the focus adjust- 
ing means 16 on the basis of the data related to the 
rotational asymmetry of the wavefront aberration and 
the magnitude thereof, for example, so as to reduce 
it. Through this control, the rotational asymmetry of 
aberration, the imaging magnification and the imag- 
ing position of the projection lens 9 is corrected. 

After the control through the control means 15, 
wavefront aberration is measured again and the wa- 
vefront aberration data thus obtained is processed in 
a similar manner and is fed back to the control of the 
control means 15. Namely, the control system com- 
prises a feedback system by which the rotationally 
asymmetric wavefront aberration of the projection 
lens 9 is corrected very precisely. 

The foregoing description has been made to ex- 
amples wherein the optical system comprises refrac- 
tion lenses only. However, the invention is applicable 
also to a projection optical system which comprises a 
cata-dioptic optical system having a combination of a 
refraction lens system, a beam splitter and a reflec- 
tion mirror system, wherein the concept of the present 
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invention may be applicable to the refraction lens por- 
tion, the beam splitter portion and/or the reflection 
mirror portion in a similar manner. 

While in the embodiment described above two 
temperature adjusting devices are used in a periph- 
eral portion of a lens element, the number is not lim- 
ited to two. Where a projection optical system com- 
prises plural optical elements, the applicability of the 
present invention is not limited to only one of the opt- 
ical elements. The present invention may be applied 
to two or more optical elements simultaneously, 
wherein the temperature adjusting devices applied to 
these optical elements may be controlled indepen- 
dently from each other. 

In the embodiment described above, the polariz- 
ing plates 4 and 25 and the half mirror 5 are used, and 
this allows that the exposure process for the circuit 
pattern printing and the measurement process for 
measuring wavef rent aberration of the projection lens 
are performed simultaneously. However, for efficient 
use of light, the exposure process and the wavef ront 
aberration measuring process may be repeated se- 
quentially. 

More specif ically, an ordinary mirror 5a may be 
used in place of the half mirror 5 so that the exposure 
process is performed while the light from the light 
source 2 is all directed to the illumination lens 6. The 
shutter 22 may be closed during this process. Subse- 
quently, the shutter 3 may be closed, and the mirror 
5a may be retracted. Then, the shutter 22 may be 
opened to allow impingement of the lightf rom the light 
source 20 on the projection lens 9, and wavef ront 
aberration of the projection lens may be performed. 
Thereafter, the mirror 5a may be inserted again. Also, 
the shutter 3 may be opened and, simultaneously, the 
shutter 22 may be closed, to start the exposure proc- 
ess. 

Repeating the operations described above al- 
lows correcting the wavef ront aberration of the pro- 
jection lens 9, substantially at the same precision as 
attainable with the case where the exposure process 
and the wavefront aberration measuring process are 
performed simultaneously. Also, in that occasion, use 
of the polarizing plates. 4 and 25 is unnecessary. 

In the embodiment described above, a lens hav- 
ing an asymmetric temperature distribution or an 
asymmetric shape, being rotationally asymmetric 
with respect to the optical axis, is heated or cooled at 
its peripheral portion by which the rotational asymme- 
try of the temperature distribution or of the lens shape 
with respect to the optical axis is corrected. The cor- 
rection by heating and the correction by cooling may 
be made in combination. 

On the other hand, for correction of only the lens 
shape being rotationally asymmetric, as the correct- 
ing means therefor, a dynamic force may be applied 
to the lens. For example, in a case where light of a 
shape such as depicted by a hatched area 42 in Fig- 



ure 11 enters a lens 41, the lens has a shape being 
different in the X direction and in the Y direction as 
described hereinbefore. Here, if the rotational asym- 
metry in refractive index distribution within the lens 
5 can be disregarded, dynamic forces may be applied 
to the lens in the directions as depicted by arrows 70 
and 71 in the drawing, to provide approximately rota- 
tional symmetry of the lens 41 shape with respect to 
the Z axis, in a portion about the center of the lens 
10 through which the light passes. 

Figure 12 is a schematic view of a main portion 
of a second embodiment of the present invention, 
wherein the invention is applied to a step-and-scan 
type projection exposure apparatus. 
15 Denoted at 201 in the drawing is a reticle or mask 
(first object) on which a circuit pattern is formed. De- 
noted at 202 is a reduction projection lens (projection 
optical system), and denoted at 203 is a movable 
stage on which a wafer W (second object) is placed. 
20 Denoted at 204 is illumination light supplied from an 
illumination system, not shown. 

Denoted at 206 is an aperture member having a 
slit-like opening 205 formed in a portion thereof. The 
aperture member 206 is disposed close to the reticle 
25 201 . In place of disposing the aperture member 206 
(slit opening 205) just before the reticle 205, it may be 
disposed in an illumination optical system (not 
shown) and at a position optically conjugate with the 
reticle 205. Denoted at 207 is the coordinates with X, 
30 Y and Z axes. 

Denoted at 221 and 222 are heating means which 
may comprise heating wires, for example. They are 
provided in a peripheral portion of a predetermined 
lens (optical element) of the projection lens 202. De- 
35 noted at 223 is a controller (control means) for con- 
trolling the heating by the heating means 221 and 222 
on the basis of the information supplied from a mem- 
ory 224. Denoted at 211 - 214 are light rays, which 
schematically illustrate that diffraction light from the 
40 circuit pattern of the reticle 201 reaches the wafer W 
placed on the stage 203. 

In this embodiment, the circuit pattern on the re- 
ticle 201 surface as illuminated with slit-like illumina- 
tion light 204 is projected by the projection lens 202 
45 u pon the wafer W, by which the circuit pattern is print- 
ed thereon. In this embodiment, the optical axis 208 
of the projection optical system 202 extends along the 
Z-axis direction, while the lengthwise direction of the 
slit-like opening 205 extends along the Y-axis direo- 
so tion. 

Here, the reticle 201 and the the stage 203 are 
disposed both in parallel to the X-Y plane. By scan- 
ning^ moving the reticle 201, placed on a movable 
stage (not shown), in the X-axis direction and by si- 
55 multaneously scanningly moving the stage 203 also 
in the X-axis direction, at a speed ratio corresponding 
to the product of the scanning speed of the reticle 201 
and the projection magnification of the projection opt- 
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ical system, in a similar manner as done in the em- 
bodiment of Figure 1 , the whole circuit pattern of the 
reticle 201 is projected and transferred onto the wafer 
W placed on the stage 203. Then, the wafer W is proc- 
essed (e.g. developing process known in the art), and 5 
semiconductor devices are manufactured. 

With the projection exposure process using slit- 
like light, a lens or lenses of the projection lens sys- 
tem 202 may absorb the exposure light and the optical 
characteristic may change. In this embodiment, in 10 
consideration of the state of the slit-like light projected 
to the lens, the heating devices 221 and 222 are pro- 
vided at predetermined positions in the peripheral 
portion of the lens. The heating by these heating de- 
vices is controlled through the controller 223 on the 1 5 
basis of the information (data) supplied from the 
memory 224, such that uniform temperature distrib- 
ution is provided, by which the change in optical char- 
acteristic of the lens is effectively prevented. 

Details of the heating devices 221 and 222 of this 20 
embodiment will be explained. 

Figure 13 is a schematic view, illustrating a por- 
tion of optical elements of the projection lens 202 in 
a sectional view along the X-Y plane. Denoted at 231 
in the drawing is the lens, and the hatched area 232 25 
depicts the range in which the light passes through 
the lens during the projection exposure process. 

In this embodiment, the circuit pattern on the re- 
ticle 201 surface is illuminated with slit-like light being 
elongated along the Y-axis direction of the coordin- 30 
ates shown in Figure 12. Thus, the light passing 
through the projection lens 202 has symmetry with re- 
spect to the X-Z plane (broken line 233 in the Figure 
13) which contains the optical axis 208 and to the Y- 
Z plane (broken line 234 in Figure 13) which contains 35 
the optical axis 208. However, it does not have rota- 
tional symmetry with respect to the optical axis 208. 
Namely, in a typical example, it has a distribution 
such as depicted by the hatched area 232 shown in 
Figure 13. 40 

In that case, due to heat absorption, there may be 
produced rotationally asymmetric temperature dis- 
tribution, being asymmetric in regard to the X-axis 
and Y-axis directions. This may cause rotational 
asymmetry of-i mag ing position and/or of magnifica- 45 
tion of the projection optical system. Particularly, it 
may result in large astigmatism, due to rotationally 
asymmetric temperature distribution. 

In consideration thereof, in this embodiment, 
asymmetric temperature distribution at the lens sur- so 
face such as depicted in Figure 13 is corrected: that 
is, a plurality of heating means 221 and 222 are pro- 
vided at the positions along the minor direction (width- 
wise direction) of the slit-like opening 205 (i.e., along 
the direction perpendicular to the lengthwise direction 55 
of the slit-like opening 205) where the temperature 
rise is smaller, so as to assure that the lens inside tem- 
perature distribution becomes rotationally symmetric 



with respect to the optical axis 208. Particularly, in 
this embodiment, heating devices 221 and 222 may 
be provided at positions in the peripheral portion of 
the lens, which positions are symmetric with respect 
to the broken lines 233 and 234. 

Where two heating devices are to be provided in 
the lens peripheral portion as in the case of Figure 1 3, 
they may preferably be disposed at the positions 
where the temperature rise is small and which have 
symmetry as described above, that is, the positions 
shown in Figure 13. 

Figure 14 shows an example where many heating 
means 221a - 221c and 222a - 222c are used to per- 
form high precision temperature control. Also in that 
occasion, these heating means 221a - 221c and 222a 
- 222c are disposed at the positions satisfying the 
condition of symmetry as described above. 

Next, the manner of heating control of the heating 
means 221 and 222 of the present invention will be 
explained. 

In this embodiment, for the heating control, the 
temperature distribution to be produced without the 
heating is detected accurately and, then, the optimum 
heating amount best suited for the correction of the 
asymmetry of distribution is determined. The temper- 
ature rise and/or the deformation of the lens due to 
absorption of exposure light by the lens may be meas- 
ured on the basis of experiments and the heating 
means 221 and 222 may be controlled on the basis 
of the measured values. However, in this embodi- 
ment, the temperature distribution and the change in 
shape to be produced in the lens in response to rota- 
tionally asymmetric heat absorption such as depicted 
by the hatched area 232 in Figure 1 3, are determined 
in accordance with simulation. For example, they may 
be determined as a function of the time period after 
start of the projection exposure process and the total 
energy of the light passing the lens. 

It is well know that generally the process in which 
temperature rises in response to absorption of heat 
by an article and the shape of the article changes with 
the temperature rise, can be simulated with good pre- 
cision in accordance with the finite element method. 
Figure 15 illustrates an analysis model based on the 
finite element method. 

Since the heat absorption in the Figure 13 exam- 
pie has symmetry with respect to the broken line 233 
and to the broken line 234, the analysis model may be 
put on a quarter of the area of the lens 232 of Figure 
1 3, that is, on the portion depicted in Figure 1 5. Figure 
15 schematically illustrates a quarter of the area of 
the lens 232, being divided into mesh for the finite ele- 
ment method analysis. It is illustrated that heat ab- 
sorption occurs in the zone 242 depicted by hatching. 

In Figure 15, denoted at 208 is the optical axis of 
the projection optical system shown in Figure 12. By 
performing the finite element method analysis while 
setting a proper boundary condition, the temperature 
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distribution to be produced with such heat absorption 
may be determined as depicted in Figure 16, for ex- 
ample. 

In Figure 16, denoted at 232 is the lens. The den- 
sity of color (tone) corresponds to temperature. It is 
seen from Figure 16 that the temperature decreases 
from the central portion of the lens toward the periph- 
eral portion thereof and that the shape of distribution 
is elongated in the Y-axis direction. 

Figures 17 and 18 each illustrates the sectional 
shape of the lens being thermally deformed due to the 
temperature distribution described above. 

Figure 17 illustrates the section along the X-Z 
plane which includes the optical axis 208. Denoted at 
241 in Figure 17 is the shape of the lens before de- 
formation. Hatched areas 242 and 243 depict the por- 
tions being expanded due to heat. Similarly, Figure 
18 illustrates the section along the Y-Z plane, and 
hatched areas 244 and 245 depict the portions being 
expanded due to heat. In the manner described 
above, the temperature distribution and deformation 
of the lens produced therein without operation of the 
heating means 221 and 222 are determined. 

Subsequently, the heat amount to be applied to 
the lens by the heating means 221 and 222 to prevent 
asymmetric temperature distribution and/or lens 
shape such as described with reference to Figures 16 
- 18, is determined. Here, the optimum heat amount 
to be applied in simulation according to the finite ele- 
ment method is determined by try-and-enror. The 
data thus determined is memorized into the memory 
224 (Figure 12), and during the exposure process the 
controller 223 controls the heating means 221 and 
222 in accordance with the data read out of the mem- 
ory 224. 

Each heating means may comprise a specific 
structure that a heat generating element such as a 
nickel-chrome wire contacts the lens element with the 
intervention of a material having a suitable heat resis- 
tance, wherein the heating may be controlled by 
changing the electric voltage or current to be supplied 
to the heat generating element 

Next, the temperature distribution and the 
change_in-Shape_of_the Jens to be provided by the 
" heating contrbrthrough the heating means 221 and 
222, in accordance with the heating control means of 
the present invention, will be explained. 

Figure 19 illustrates an example of temperature 
distribution, provided as a result of control of the ap- 
plication of optimum heat amount to the lens 251 by 
the heating means (not shown). Owing to the applica- 
tion of heat by the heating means 221 and 222 to such 
portions of the lens 251 in which temperature rise due 
to heat absorption is smaller, approximately symmet- 
ric temperature distribution such as depicted in Fig- 
ure 19 which is symmetric with respect to the X-axis 
and Y-axis directions, is provided. 

Figure 20 illustrates a change in shape of the lens 



251, in a sectional view taken along the X-Z plane 
which includes the optical axis 208. Denoted at 252 
in the drawing is the shape of the lens before de- 
formed. Hatched areas 253 and 254 depict the por- 
5 tions being expanded due to heat 

Similarly, Figure 21 illustrates a change in shape 
of the lens 252, in a sectional view taken along the Y- 
Z plane which includes the optical axis 208. Denoted 
at 252 in the drawing is the shape of the lens before 
w deformed. Hatched areas 255 and 256 depict the por- 
tions being expanded due to heat In this case, no 
asymmetry appears in the X direction and the Y direc- 
tion in respect to each of the temperature distribution 
and the lens shape deformation. Thus, no astigma- 
15 tism is produced. 

Cooling means such as described with reference 
to Figure 9 may be used in place of or in combination 
with the heating means of this embodiment 

Figure 22 is a schematic view of a main portion 
20 of a third embodiment of the present invention, 
wherein the invention is applied to a projection expos- 
ure apparatus of the type called a stepper. For con- 
venience in the following explanation, coordinates are 
such as depicted at 301 . 
25 Denoted at 302 in the drawing is illumination light 
emitted from an illumination optical system, not 
shown. Denoted at 303 is a reticle on which a circuit 
pattern is formed. Denoted at 304 is a reduction pro- 
jection lens, and denoted at 305 is a stage on which 
30 a wafer is placed. Here, the reticle 303 and the stage 
305 are both disposed in parallel to the X-Y plane, and 
the optical axis of the projection lens 304 is placed in 
parallel to the Z axis. 

The illumination light 302 illuminates the circuit 
35 pattern on the reticle 303 and, in response, diffrac- 
tion lights denoted at 306 and 307 in the drawing are 
produced. These diffraction lights 306 and 307 are 
transformed through the projection lens 304 into 
lights 308 and 309 in image space, respectively, and 
40 then they are imaged upon a semiconductor wafer W 
placed on the stage 305. By this, the circuit pattern 
of the reticle is imaged on the wafer. The wafer is coat- 
ed with a resist material which is chemically change- 
able in response to irradiation with the wavelength of 
45 the illumination light 302, such that the circuit pattern 
of the reticle 303 is transferred to and printed on the 
wafer. 

Denoted at 310, 311, 312 and 313 in the drawing 
are temperature controlling devices according to this 

so embodiment of the present invention, which are pro- 
vided in peripheral portions of lens elements of the 
projection lens 304. These temperature controlling 
devices 310-313 are controlled by a controller 314, 
in accordance with the information stored in a mem- 

55 ory315. 

For explanation of this embodiment, as the reticle 
303, an example shown in Figure 23 will be explained. 
Figure 23 illustrates the reticle 303 in the X-Y plane 
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of the coordinates 301. Peripheral portion of this reti- 
cle is effective to completely block the illumination 
light 302. For simplicity of in explanation, it is now as- 
sumed that the reticle 303 has formed thereon two re- 
gions 322 and 323, wherein the region 322 has a pat- 
tern which is defined by a combination of light block- 
ing portions and light transmitting portions of an area 
larger than that of the light blocking portions, whereas 
the region 323 is defined by a combination of light 
transmitting portions and light blocking portions of an 
area larger than that of the light transmitting portions. 
For this reason, comparing the regions 322 and 323 
with each other, the quantity of transmitted light is 
larger in the region 322 than in the region 323. The re- 
gions 322 and 323 thus represents the difference in 
quantity of light passing through these portions of the 
reticle and entering the projection lens 304. 

In Figure 22, the diffraction lights 306 and 307 
are depicted by lines of different numbers. This is to 
clarify that the diffraction lights 306 and 307 are 
those diffraction lights coming from the patterns in 
the different regions 322 and 323 of Figure 23, re- 
spectively. 

Figure 24 is a schematic view for explaining the 
manner of incidence of the diffraction lights from the 
patterns in the regions 322 and 323, respectively, 
upon the projection lens 304. In Figure 24, denoted at 
326 is one lens element of the projection lens 304 
which is illustrated in the X-Y plane. For simplicity of 
explanation, it is assumed here that the lens element 
326 is the one disposed in that portion within the pro- 
jection lens 304 which is close to the reticle 303. In 
this occasion, the light incident on this lens element 
is large in the portion corresponding to the region 322 
of the reticle 303, but it is small in the portion corre- 
sponding to the region 323 of the reticle. Thus, the in- 
cidence of light can be depicted schematically by a 
hatched area 327 in Figure 24. 

As described hereinbefore, in response to pas- 
sage of light through the lens, the glass material 
thereof may absorb heat which may produce a 
change in optical characteristic. As light is projected 
on the portion depicted at 327 in Figure 24 and heat 
is absorbed, there is produced a temperature distrib- 
ution such as depicted in Figure 25. 

In Figure 25, coordinates are such as depicted at 
301, similar to the coordinates 301 in Figure 24. The 
temperature distribution in the lens element 326 is de- 
picted by differences in tone. Central darker portion 
denotes a higher temperature. Temperature distribu- 
tion which is rotationally asymmetric with respect to 
the optical axis, such as the one illustrated in Figure 
25, causes a problem in regard to the wavef ront aber- 
ration (imaging position and magnification), as de- 
scribed hereinbefore. 

The present embodiment uses the temperature 
controlling devices 310-313 shown in Figure 22 to 
correct rotationally asymmetric temperature distribu- 



tion such as shown in Figure 25. Here, in this exam- 
ple, since the lens element 326 is disposed at a pos- 
ition close to the reticle 303, the temperature control 
for the lens element 326 is performed by using the 
5 temperature controlling device 310. 

Denoted in Figure 25 at 332 - 339 are heating de- 
vices whose temperatures can be controlled indepen- 
dently each from the others. These heating devices 
in combination provide the temperature controlling 
10 device 310. The heating devices 332 - 339 are dis- 
posed equidistantly while being intimately contacted 
to the periphery of the lens element 326. Each heat- 
ing device may comprise a resistor such as nickel- 
chrome wire, for example, disposed therewithin, 
15 wherein the temperature adjustment may be done by 
controlling electric current flowing therethrough. 

In the example shown in Figure 25, of the heating 
devices disposed around the periphery of the lens 
element 326, mainly the temperatures of the heating 
20 devices 332, 333, 335 and 336 may be raised/and by 
this, the temperature distribution may be transformed 
into one shown in Figure 26, as having a shape sym- 
metric with respect to the optical axis. Here, the 
amount of electric currents to be applied to the heat- 
25 ing means 332 - 339 are controlled by the controller 
314 of Figure 22. 

With regard to the remaining lens elements of the 
projection lens 304, the temperature controlling de- 
vices 311 - 313 of similar structure may be used to 
30 perform correction of asymmetric temperature dis- 
tribution, being asymmetric with respect to the optical 
axis. Use of the temperature controlling devices is not 
sufficient for correction of a change in optical charac- 
teristic resulting from a change in shape or a temper- 
35 ature distribution being rotationally asymmetric with 
respect to the optical axis. Such change in optical 
characteristic can, however, be corrected by moving 
the stage and/or one or more optical elements of the 
optical system, as described hereinbefore. Also, as a 
40 matter of course, the number of the temperature con- 
trolling devices is notlimited to four (the number of the 
devices 310 -313). 

The memory 315 shown in Figure 22 may have 
stored therein the information related to the circuit 
45 pattern of the reticle 303, the information related to 
the temperature distribution to be produced in each 
lens element of the projection lens 304 by the diffrac- 
tion light from the circuit pattern, and/or the informa- 
tion related to the amount of heat to be applied to the 
so temperature controlling devices 310 - 313 for correc- 
tion of the temperature distribution, for example. In 
accordance with such information, the controller 314 
controls the temperature controlling devices 310 - 
313. 

55 While in this embodiment the temperature con- 

trolling means comprises heating means 332 - 339 of 
Figure 25 each being operable to increase the tem- 
perature at a portion having a lower temperature. 
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cooling means such as described with reference to 
Figure 9, for decreasing the temperature at a portion 
having a higher temperature, may be used with sub- 
stantially the same advantageous result 

Figure 27 is a schematic view of a main portion 5 
of a fourth embodiment of the present invention, 
wherein the invention is applied to an exposure appa- 
ratus of the type called a stepper. 

Denoted at 341 in the drawing are the coordin- 
ates defined for convenience in explanation. Denoted 10 
at 342 is an illumination optical system which includes 
a light source. Denoted at 343 and 344 are illumina- 
tion lights, and denoted at 345 is a reticle on which a 
circuit pattern is formed. Denoted at 346 is a reduc- 
tion projection lens, and denoted at 347 is a stage on 15 
which a wafer (not shown) is placed. The circuit pat- 
tern of the reticle 345 is transferred onto the wafer W 
through the projection lens 346, as in the third em- 
bodiment described hereinbefore. 

As an important feature of this embodiment, in 20 
this embodiment an aperture member 348 is inserted 
into the illumination optical system to restrict the light 
for the illumination, and two illumination lights 343 
and 344 projected obliquely are provided through an 
illumination lens 349. The aperture member 348 is 25 
disposed, in ordinary case, optically in Fourier trans- 
form relation with the effective light source plane of 
the illumination optical system, i.e., the surface of the 
reticle 345. On the other hand, it is disposed at a pos- 
ition optically conjugate with the pupil position (de- 30 
picted by a broken line 350 in the drawing) of the pro- 
jection lens 346. 

The aperture member 348 may comprise the one 
as shown in Figure 28. In Figure 28, denoted at 341 
are the coordinates, and the aperture member 348 is 35 
disposed in parallel to the X-Y plane. The aperture 
member 348 is formed with two openings 363 and 
364. Lights passing through these openings, respec- 
tively, go through the illumination lens 349, such that 
two illumination lights 343 and 344 are provided 40 
which are then projected obliquely along symmetric 
paths to illuminate the circuit pattern of the reticle 345 
obliquely. This illumination method is effective to en- 
hance the resolution of a periodic pattern, having a 
repetition periodicity in the X direction upon the reticle 45 
345. 

This illumination method may be advanced, and 
an aperture member 348 of Figure 29 having four 
openings 346 - 347 may be used. This is effective to 
improve the resolution of a pattern having a repetition 50 
periodicity in the X direction upon the reticle 345 as 
well as a pattern having a repetition periodicity in the 
Y direction. 

Details of enhancement of resolution with such 
modified illumination method are described, for ex- 55 
ample, in "Proc. SPIE No. 1674, Optical/Laser Micro- 
lithography V,P.92(1 992)", and explanation therefor is 
omitted here. 



Since the aperture member 348 is disposed at a 
position optically conjugate with the pupil position 
350 of the projection lens 346 as described, the im- 
ages of the openings of the aperture member 348 are 
formed in the vicinity of the pupil position 350 within 
the projection lens 346. The effect of this will be ex- 
plained with reference to Figure 30. 

In Figure 30, the coordinates are such as depict- 
ed at 341. Denoted at 372 is one of the lens elements 
disposed close to the pupil position 350. When the 
aperture member 343 as shown in Figure 28 is used, 
in the lens element 372, light rays are concentratingly 
incident on the positions as depicted by hatched 
areas 374 and 375. As a result of this, there is pro- 
duced temperature distribution in the lens element 
372 such as depicted in Figure 31, which is rotation- 
ally asymmetric with respect to the optical axis. 

In Figure 31, a darker portion depicts a higher 
temperature, as in the cases of Figures 25 and 26. 
Denoted at 381 - 388 in Figure 31 are heating means 
similar to those 332 - 339 having been described with 
reference to the third embodiment In the illustrated 
example, mainly the temperatures of the heating de- 
vices 381 and 385 are raised, by which the tempera- 
ture distribution of the lens element 372 can be cor- 
rected into a shape of rotational symmetry. 

Where an aperture member 348 such as shown 
in Figure 29 is used, on the lens element 372, light 
rays are concentratingly incident at the positions as 
depicted by hatched areas 391 - 394 of Figure 32. 
Thus, there is produced temperature distribution of 
the lens element 372 such as illustrated in Figure 33. 
In the illustrated example, mainly the temperatures of 
the heating devices 381 , 383, 385 and 387 are raised, 
by which the temperature distribution of the lens ele- 
ment 372 can be corrected into a symmetric shape 
such as illustrated in Figure 26. 

The heating devices 381 - 388 shown in Figure 31 
or 33 in combination provide the temperature control- 
ling means 351 of Figure 27. The temperature con- 
trolling means 351 is controlled by the controller 352 
in accordance with the information from the memory 
353, in the same manner as in the third embodiment 
Thus, explanation of the details thereof will be omit- 
ted here. 

While in this embodiment the temperature con- 
trolling means comprises heating means for increas- 
ing the temperature at a portion having a lower tem- 
perature, as a matter of course, cooling means for de- 
creasing the temperature of a portion having a higher 
temperature, such as described with reference to Fig- 
ure 9, may be used with substantially the same ad- 
vantageous result 

In this embodiment, a change in optical charac- 
teristic resulting from a change in shape or tempera- 
ture distribution being symmetric with respect to the 
optical axis, may be corrected by displacing the stage 
or one or more optical elements of the optical system 
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in a known manner. 

The foregoing description of the present embodi- 
ment has been made to examples wherein the optical 
system comprises refraction lenses only. However, 
the invention is applicable also to a projection optical 5 
system which comprises a catadioptic optical system 
having a combination of a refraction lens system, a 
beam splitter and a reflection mirror system, wherein 
the concept of the present invention may be applica- 
ble to the refraction lens portion, the beam splitter 10 
portion and/or the reflection mirror portion in a similar 
manner. Also, the invention is applicable to a case 
where a projection optical system comprises a reflec- 
tion mirror system only. 

in a case where a projection optical system com- 15 
prises plural optical elements, the applicability of the 
present invention is not limited to only one of the opt- 
ical elements. The present invention may be applied 
to two or more optical elements simultaneously, 
wherein the temperature adjusting devices applied to 20 
these optical elements may be controlled indepen- 
dently from each other or, alternatively, they may be 
controlled in parallel. 

In the embodiments described hereinbefore, 
cooling means may be used in place of the heating 25 
means. Such cooling means may comprise cooling 
medium supplying means for supplying codling me- 
dium such as a cooled air, liquid nitrogen or liquid oxy- 
gen, for example. 

Further, the correcting means for correcting wa- 30 
vef ront aberration being rotationally asymmetric with 
respect to the optical axis to provide a rotationally 
symmetric wavefront (aberration), may comprise 
means for deviating a lens or a mirror of a projection 
optical system with respect to the optical axis. Alter- 35 
natively, such correcting means may comprise a 
transparent parallel flat plate disposed within a pro- 
jection optical system, and adjusting means for tilting 
the parallel flat plate at a desired angle with respect 
to the optical axis. 40 

A further alternative of such correcting means 
may comprise deforming means, having an actuator, 
for example, for deforming a reflection surface of a 
concave mirror, of a convex mirror or of a fiat mirror 
included in the projection optical system by pushing 45 
or pulling the back of the reflection mirror surface by 
use of the actuator. As a further alternative, such cor- 
recting means may comprise means for deforming a 
transparent parallel flat plate disposed in the projec- 
tion optical system by using an actuator, for example. 50 

Next, an embodiment of device manufacturing 
method which uses any one of the projection expos- 
ure apparatuses described hereinbefore, will be ex- 
plained. 

Figure 34 is a flow chart of the sequence of man- 55 
ufacturing a microdevice such as a semiconductor 
chip (e.g. IC or LSI), a liquid crystal panel or a CCD, 
for example. Step 1 is a design process for designing 



the circuit of a semiconductor device. Step 2 is a proc- 
ess for manufacturing a mask on the basis of the cir- 
cuit pattern design. Step 3 is a process for manufac- 
turing a wafer by using a material such as silicon. 

Step 4 is a wafer process which is called a pre- 
process wherein, by using the so prepared mask and 
wafer, circuits are practically formed on the wafer 
through lithography. Step 5 subsequent to this is an 
assembling step which is called a post-process 
wherein the wafer processed by step 4 is formed into 
semiconductor chips. This step includes assembling 
(dicing and bonding) arid packaging (chip sealing). 
Step 6 is an inspection step wherein operability 
check, durability check and so on of the semiconduc- 
tor devices produced by step 5 are carried out With 
these processes, semiconductor devices are finished 
and they are shipped (step 7). 

Figure 35 is a flow chart showing details of the 
wafer process. Step 11 is an oxidation process for ox- 
idizing the surface of a wafer. Step 12 is a CVD proc- 
ess for forming an insulating film on the wafer sur- 
face. Step 13 is an electrode forming process for 
forming electrodes on the wafer by vapor deposition. 
Step 14 is an ion implanting process for implanting 
ions to the wafer. Step 15 is a resist process for ap- 
plying a resist (photosensitive material) to the wafer. 
Step 16 is an exposure process for printing, by expos- 
ure, the circuit pattern of the mask on the wafer 
through the exposure apparatus described above. 
Step 17 is a developing process for developing the ex- 
posed wafer. Step 18 is an etching process for remov- 
ing portions other than the developed resist image. 
Step 19 is a resist separation process for separating 
the resist material remaining on the wafer after being 
subjected to the etching process. By repeating these 
processes, circuit patterns are superposedly formed 
on the wafer. 

While the invention has been described with ref- 
erence to the structures disclosed herein, it is not 
confined to the details set forth and this application 
is intended to cover such modifications or changes as 
may come within the purposes of the improvements 
or the scope of the following claims. 



Claims 

1. A projection exposure apparatus, comprising: 

a projection optical system for projecting a 
pattern of a first object onto a second object; and 

correcting means for substantially correct- 
ing rotational asymmetry in optical characteristic 
of said projection optical system to be produced 
in said projection optical system with an exposure 
process. 

2. An apparatus according to Claim 1, wherein the 
optical characteristic includes an imaging posi- 
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tion of the pattern with respect to a direction of an 
optical axis of said projection optical system. 

3. An apparatus according to Claim 1, wherein the 
optical characteristic includes an imaging magni- 
fication of the pattern. 

4. An apparatus according to Claim 3, wherein the 
optical characteristic includes an imaging posi- 
tion of the pattern with respect to a direction of an 
optical axis of said projection optical system. 

5. An apparatus according to Claim 1, wherein the 
optical characteristic includes a wavefront aber- 
ration of said projection optical system. 

6. An apparatus according to Claim 5, further com- 
prising measuring means for measuring the wa- 
vefront aberration of said projection optical sys- 
tem. 

7. An apparatus according to Claim 1 , wherein said 
correcting means includes temperature distribu- 
tion controlling means for transforming a temper- 
ature distribution, being produced in an optical 
element of said projection optical system with the 
exposure process and being rotationally asym- 
metric with respect to an optica! axis of said pro- 
jection optical system, into a temperature distrib- 
ution being substantially rotationally symmetric. 

8. An apparatus according to Claim 7, wherein said 
temperature distribution controlling means in- 
cludes heating means for applying heat to a de- 
sired portion of said optical element 

9. An apparatus according to Claim 7, wherein said 
temperature distribution controlling means in- 
cludes cooling means for cooling a desired por- 
tion of said optical element 

10. An apparatus according to Claim 7, wherein said 
temperature distribution controlling means con- 

- -trqls-atemperature-distribution jn 7 plu^J-eptical 
elements of said projection optical system. 

11. An apparatus according to Claim 7, further com- 
prising memory means in which control data re- 
lated to a change in temperature distribution of 
said optical element with the exposure process, 
wherein said temperature distribution controlling 
means controls the temperature distribution of 
said optical element on the basis of an exposure 
time, an exposure energy and the control data. 

12. An apparatus according to Claim 1, wherein said 
correcting means includes optical element driv- 
ing means for deviating an optical element of said 



projection optical system with respect to an opti- 
cal axis of said projection optical system. 

13. An apparatus according to Claim 12, wherein 
5 said optical element comprises a mirror. 

14. An apparatus according to Claim 12, wherein 
said optical element comprises a lens. 

10 15. An apparatus according to Claim 1 , wherein said 
correcting means includes surface shape chang- 
ing means for changing a surface shape of an 
optical element of said projection optical system. 

15 16. An apparatus according to Claim 15, wherein 
said optical element comprises a mirror. 

17. An apparatus according to Claim 15, wherein 
said optical element comprises a lens. 

20 

18. An apparatus according to Claim 15, wherein 
said optical element comprises a parallel flat 
plate. 

25 19. An apparatus according to Claim 15, wherein 
said surface shape changing means serves to 
correct a rotational asymmetry of the surface 
shape of said optical element, produced with the 
exposure process. 

30 

20. An apparatus according to Claim 1 , wherein said 
projection optical system comprises a transpar- 
ent parallel flat plate, and wherein said correcting 
means includes tilt angle changing means for 

35 changing a tilt angle of said parallel flat plate with 
respect to an optical axis of said projection optical 
system. 

21. An apparatus according to Claim 1 , wherein said 
40 correcting means serves to correct a rotational 

asymmetry in imaging position of the pattern with 
respect to a direction of an optical axis of said pro- 
jection optical system, being produced with the 
exposure process, wherein said apparatus fur- 
45 ther comprises focusing means for bringing the 
imaging position of said projection optical sys- 
tem, with the rotational asymmetry having been 
corrected, into coincidence with the surface of 
the second object 

50 

22. An apparatus according to Claim 1 , wherein said 
correcting means serves to correct a rotational 
asymmetry in imaging magnification of the pat- 
tern through said projection optical system, being 

55 produced with the exposure process, and where- 

in said apparatus further comprises magnifica- 
tion adjusting means for adjusting an imaging 
magnification of said projection optical system, 
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with the rotational asymmetry having been cor- 
rected, to a desired imaging magnification. 

23. An apparatus according to Claim 1, wherein said 
correcting means serves to correct a rotational 5 
asymmetry in imaging magnification of the pat- 
tern and in imaging position of the pattern with re- 
spect to a direction of an optical axis of said pro- 
jection optical system, being produced with the 
exposure process, and wherein said apparatus 10 
further comprises (i) focusing means for bringing 

the imaging position of said projection optical 
system, with the rotational asymmetry having 
been corrected, into coincidence with the surface 
of the second object, and (ii) magnification ad- 15 
justing means for adjusting an imaging magnifi- 
cation of said projection optical system, with the 
rotational asymmetry having been corrected, to a 
desired imaging magnification. 

20 

24. An apparatus according to Claim 1, further com- 
prising illuminating means for illuminating the 
first object with exposure light having a slit-like 
sectional shape, and scanning means for scan- 
ning the first and second object relative to the ex- 25 
posure light and said projection optical system. 

25. An apparatus according to Claim 1, further com- 
prising illuminating means for illuminating the 

first object through a stop having openings dis- 30 
posed off an optical axis. 

26. An apparatus according to Claim 1, wherein the 
pattern of the first object has different densities 

at different positions. 35 

27. A device manufacturing method which includes a 
step of printing a device pattern on a substrate by 
use of a projection exposure apparatus as recited 

in any one of Claims 1-26. 40 

28. Apparatus or a method for forming an image in 
which compensation is provided for undesired 
changes in an optical system which may other- 
wise result in, for example, rotationally asymmet- 45 
ric optical characteristics. 

29. Apparatus or a method for forming an image in 
which the temperature distribution within an opt- 
ical system can be controlled. 50 
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